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Abstract18

Satellite retrievals of cloud effective radius re are frequently validated using aircraft19

in situ measurements. Past intercomparisons have found a significant bias toward larger re-20

motely sensed re. Explanations for this bias have focused on retrieval algorithms and large-21

scale heterogeneity, with in situ measurement uncertainty regarded as a minor factor. We22

compare Moderate Resolution Imaging Spectroradiometer (MODIS) re with in situ observa-23

tions of marine stratocumulus clouds from three aircraft campaigns using a phase Doppler24

interferometer (PDI) probe. Retrieved and in situ re typically agree within uncertainty in25

both non-precipitating and drizzling conditions with no apparent systematic bias (mean bias26

of -0.22 µm, mean relative bias 3%). Agreement depends on the choice of in situ probe as27

well as microphysical context. We demonstrate that probes must adequately characterize the28

width of the drop size distribution to avoid systematic underestimation of re.29

1 Introduction30

Satellites offer the only global-scale characterization of cloud properties such as cloud31

effective radius re and cloud optical depth. From these basic cloud properties, quantities32

such as cloud drop number concentration and liquid water path may be derived. The Mod-33

erate Resolution Imaging Spectroradiometer (MODIS) cloud product (MOD/MYD06, Plat-34

nick et al. [2017]) is the current state of the art and has been widely used in the research35

community to study cloud properties, Earth’s radiation budget, and aerosol-cloud interac-36

tions (e.g. Quaas et al. [2009]; Su et al. [2010]; Yuan et al. [2011]; Andersen et al. [2017];37

Bennartz and Rausch [2017]). Assessing the accuracy of the satellite retrieval algorithms38

requires independent constraints. Aircraft in situ measurements of the cloud drop size distri-39

bution (DSD) are often used for such intercomparisons, from which re, cloud optical depth40

and other bulk quantities (cloud drop number concentration, liquid water path, rain rate, etc.)41

can be calculated. Since the earliest validation studies using aircraft observations [Nakajima42

et al., 1991; Platnick and Valero, 1995], intercomparisons have shown that satellite and in43

situ re are highly correlated but with a persistent bias toward higher satellite-retrieved re.44

A number of more recent in situ validation studies using aircraft observations over the east-45

ern Pacific Ocean [Painemal and Zuidema, 2011; Zheng et al., 2011;Min et al., 2012; King46

et al., 2013; Noble and Hudson, 2015] continue to report that retrieved re is systematically47

greater than in situ measurements (mean bias 1.75-2 µm, Painemal and Zuidema [2011];48

Min et al. [2012]; Noble and Hudson [2015]) and that the bias can primarily be attributed to49

retrieval uncertainty with a minimal contribution from uncertainty in the aircraft observa-50

tions. In other words, the bias is caused by a systematic overestimate in remotely-sensed re51

as opposed to an underestimate by the in situ measurements. Despite that each of the afore-52

mentioned studies used a unique instrumentation configuration, very few (e.g. Platnick and53

Valero [1995] and King et al. [2013]) address the important point that different cloud probes54

may obtain differing results, whether due to differences in operating principles, measurement55

range or aircraft sampling strategy.56

The underlying theory for satellite retrievals contains inherent assumptions about clouds57

and under many circumstances these assumptions are violated, which can lead to biases.58

The potential sources of error have been explored in a large body of literature and can be59

broadly divided into four categories: 1) spatial heterogeneity, including 3D radiative effects60

and pixel-scale horizontal variability [Marshak et al., 2006; Kato and Marshak, 2009; Zhang61

et al., 2012]; 2) assumptions about the shape of the DSD, including the role of vertical struc-62

ture and precipitation [Nakajima et al., 2010;Min et al., 2012; Kokhanovsky et al., 2013]; 3)63

view geometry dependence [Maddux et al., 2010; Grosvenor and Wood, 2014; Liang et al.,64

2015]; and 4) error in ancillary products such as retrieved cloud top pressure [Painemal and65

Zuidema, 2011; Baum et al., 2012].66

Improvements in satellite retrieval algorithms over time must also be taken into con-67

sideration. For this study, we use MODIS Collection 6 retrievals [Platnick et al., 2017] while68
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previous east Pacific in situ validation studies have used Collection 5.1 or earlier. Of greatest69

interest to this work, Collection 6 has improved cloud top pressure and temperature retrievals70

and new bidirectional reflectance lookup tables for oceanic pixels that, on average, result in71

somewhat decreased re compared to Collection 5.1 (by ∼1 µm at most, Rausch et al. [2017])72

over the two east Pacific stratocumulus decks that will be examined here.73

The goal of this study is to compare aircraft in situ microphysical observations col-74

lected by PDI with MODIS Collection 6 retrievals of re and revisit the results of recent in-75

tercomparison studies (in particular, Zheng et al. [2011] and Noble and Hudson [2015]) to76

re-evaluate the assertion of Painemal and Zuidema [2011] that instrumentation error can only77

account for up to 30% of the previously observed discrepancy between retrieved and in situ78

re.79

2 Observations and methods80

2.1 Aircraft observations81

Measurements are taken from three different field campaigns focused on sampling82

marine stratocumulus, all flown by the Center for Interdisciplinary Remotely-Piloted Air-83

craft Studies (CIRPAS) Twin Otter aircraft: the Marine Stratus/Stratocumulus Experiment84

(MASE) [Lu et al., 2007], the Physics of Stratocumulus Top experiment (POST) [Carman85

et al., 2012; Gerber et al., 2013], and the Variability of American Monsoon Systems (VA-86

MOS) Ocean-Cloud-Atmosphere-Land Study (VOCALS) [Zheng et al., 2011;Mechoso87

et al., 2014]. Each campaign is briefly described below including a general overview of air-88

craft sampling strategy. Relevant aircraft instrumentation for each campaign is given in the89

next section.90

MASE Twin Otter (TO) flights occurred during July 2005 in the northeastern Pacific91

near Monterey, California in a box roughly bounded by 36° to 37° N and 122° to 123° W.92

Note that the MASE measurements referenced in Noble and Hudson [2015] were taken aboard93

the US Department of Energy Gulfstream-1 [Wang et al., 2009] which flew near Point Reyes,94

California, to the north of the TO sample area. Of the 13 research flights during MASE, we95

analyze four daily flights from 14-17 July 2005 when PDI was operational. Research flights96

sampled the cloud deck in a series of level legs from below cloud base to near cloud top,97

flown roughly perpendicular to the mean wind while the aircraft drifted with the mean flow.98

Near-cloud top legs were flown within ∼20 m of cloud top and averages over these legs will99

be used for the intercomparison.100

POST took place during July and August 2008 slightly farther offshore than the MASE101

sample area, in a box bounded by 35.5° to 37.5° N and 122.5° to 124.5° W. We analyze all102

8 daytime flights during POST. The flight plans again were intended to drift with the mean103

flow and approximately follow a Lagrangian air mass, but sampling in the vertical was quite104

different than MASE. Instead of level legs, the purpose of POST was to extensively sample105

the interface between the stratocumulus layer and the free troposphere by repeatedly flying a106

sawtooth pattern from ∼100 m below cloud top to ∼100 m above.107

VOCALS was a multi-platform campaign that took place over the southeastern Pacific108

during October and November of 2008 off the coast of Chile, of which the TO was one of109

five aircraft deployed. While numerous past satellite-in situ intercomparisons have utilized110

VOCALS observations [Painemal and Zuidema, 2011;Min et al., 2012; King et al., 2013;111

Kokhanovsky et al., 2013], only Zheng et al. [2011] analyzed TO observations. Because of112

the limited range of the TO with respect to the other aircraft involved in VOCALS, flights113

were limited to the near-coastal region near 20° S, 72° W [Zheng et al., 2011]. We exclude114

RF1-2, RF6, RF9 and RF15-18 because of instrument and data system issues. The standard115

flight pattern during VOCALS TO flights was similar to the level legs flown during MASE116

and near-cloud top legs are used for comparison with satellite retrievals.117
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118 2.2 In situ instrumentation

The PDI (Artium Technologies, Inc., Sunnyvale, CA, USA) effectively measures drops119

2-100 µm in diameter. For a full description of the airborne probe and a direct comparison of120

in situ PDI observations with other cloud probes during MASE, see Chuang et al. [2008].121

PDI deduces drop size by measuring the phase shift of the scattered interference pattern122

caused by a drop passing through the intersection of two laser beams. Beyond the TO, PDI123

has been deployed as the facility-standard drop size resolving probe for the helicopter-towed124

Airborne Cloud Turbulence Observation System (ACTOS, Siebert et al. [2006]; Henrich125

et al. [2010]; Ditas et al. [2012]; Siebert et al. [2013]; Siebert and Shaw [2017]), the ongoing126

NASA ORACLES mission and at a mountaintop station in the German Alps [Siebert et al.,127

2015]. Of particular relevance to this study, Henrich et al. [2010] use ACTOS to compare128

in situ observations of continental stratiform clouds with MODIS retrievals, although their129

sampling method is problematic for comparison with MODIS because the clouds were quite130

thin (geometric thickness < 100 m) and the vertical location of the helicopter tow package131

within cloud was highly uncertain. PDI has also been used in numerous laboratory experi-132

ments to study cloud droplet formation and evolution (e.g. Ruehl et al. [2008, 2010, 2012];133

Saw et al. [2012]; Chang et al. [2016]; Chandrakar et al. [2016]) and industrial and engi-134

neering multiphase flows (combustion, spray measurement, etc.; [cf. Bachalo, 2000; Tropea,135

2011; Albrecht et al., 2013]).136

Several other cloud probes are operated on the TO from which effective radius can be137

obtained: (i) Droplet Measurement Technologies (DMT; Longmont, CO) Cloud and Aerosol138

Spectroradiometer (CAS, measures drops 0.35-50 µm in diameter, Baumgardner et al. [2001];139

no measurements available from MASE); (ii) Particle Measuring Systems (Boulder, CO)140

Forward Scattering Spectroradiometer Probe (FSSP, 1-46 µm, Pinnick et al. [1981]); (iii)141

Gerber Scientific, Inc. (Reston, VA) Particulate Volume Monitor (PVM, 5-50 µm, Gerber142

et al. [1994]); and (iv) DMT Cloud Imaging Probe (CIP) for drizzle-sized drops (25-1550 µm).143

DMT packages the CAS and CIP probes together as CAPS (Cloud, Aerosol and Precipitation144

Spectrometer); we use both probes to calculate re following Noble and Hudson [2015] and145

will refer to the CAS and CIP combination as CAPS. No CAPS measurements are available146

from MASE. We use liquid water content calculated from CIP DSDs (LWCCIP) as a proxy147

for drizzle intensity. For comparison, instruments deployed aboard other aircraft used for148

MODIS-in situ intercomparisons is given in the supporting information [Lance et al., 2010].149

Beyond its minimal sizing error (∼1 µm; [Chuang et al., 2008; Henrich et al., 2010]),150

the PDI has several other advantages over other commonly used in situ probes. PDI is not151

susceptible to mistaking the coincidence of small drops as a single larger drop, which would152

otherwise distort the size distribution, especially at larger sizes. PDI data can also be used153

to infer the view volume as a function of size, which is critical to accurate size distribution154

measurement. For example, Chuang et al. [2008] show that the view volume difference be-155

tween 10 and 60 µm drops can be a factor of ∼ 2. Instead of determining drop size from156

the intensity of scattered light, PDI sizing instead depends on wavelength which leads to a157

significantly reduced need for calibration and a built-in mechanism for rejecting coincident158

or non-spherical particles, which generate different interference patterns than single spher-159

ical particles [Chuang et al., 2008; Albrecht et al., 2013]. Furthermore, sizing calibration160

can be independently verified by comparing PDI and aircraft measurements of true air speed161

[Baumgardner et al., 2011]. Finally, PDI measures a broader size range compared to other162

cloud droplet probes flown on the TO: CAS, FSSP and PVM measure drops up to d ∼ 50 µm163

in diameter while PDI nominally measures drops up to d ∼ 100 µm. As such, only PDI mea-164

surements are used to calculate reference re. Using merged DSDs from PDI and CIP (using165

only drops d > 62 µm from CIP) has no significant effect on re (differences less than 0.5 ţm)166

in the near-cloud top region relevant to the comparison with MODIS retrievals because very167

few drizzle particles are encountered there.168

Confidence in PDI measurements can be gained by comparing integrated PDI size dis-169

tributions with LWC observations from the PVM. Note that the PVM uses a completely dif-170

–4–



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
PXG LWC [g/m3]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

PV
M

 L
W

C
 [g

/m
3 ]

2

4

6

8

10

12

pr
ob

ab
ilit

y 
of

 o
cc

ur
re

nc
e 

p

10-3

1:1 line
0.05 g/m3

n=175273 samples

Figure 1. Joint probability density function of PVM-emulating PDI (PXG) versus PVM LWC. See text
for details regarding calculation of PXG LWC. Number of samples n is the total number of observations for
which PDI and PVM concurrently measure LWC > 0.005 g/m3. Shading is truncated at p = 1 × 10−4 for
visual clarity.
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ferent operating principle than the PDI; it measures populations of drops (rather than single171

drops) via near-forward scattering. To compare LWC from both instruments, we first must172

account for the response of the PVM to drops as a function of size [Gerber, 1991;Wendisch173

et al., 2002; Chuang et al., 2008]. Based on wind tunnel experiments,Wendisch et al. [2002]174

proposed shifting the manufacturer-provided PVM size response function by 20-30 µm in di-175

ameter. We apply the 30 µm shifted size response function to calculations of LWC from PDI176

DSDs and compare all measurements from MASE, POST and VOCALS in Fig. 1. The slope177

of the robust best fit line is 0.845±0.001 with r2 = 0.87 (compared to slope = 0.665±0.001,178

r2 = 0.85 for unmodified PDI LWC), which independently demonstrates that the third mo-179

ment of the PDI size distributions is of very high fidelity. This provides confidence in the180

PDI-derived effective radii since this quantity depends on the second and third moments of181

the size distribution.182

All measurements were processed to a common 1 Hz data stream, corresponding to183

a spatial resolution of approximately 55 m, and all cloud probes report size-resolved mea-184

surements except the PVM, which measures integral moments of the DSD. Manufacturer185

processing algorithms were used for the CAPS (CAS and CIP) probes and all probes were186

calibrated prior to, during and after each campaign. We subsample points with PDI liquid187

water content (LWC) greater than 0.01 gm−3 for the MODIS intercomparison to ensure that188

we analyze only cloudy air. Choosing a different LWC threshold does not alter the results. To189

calculate aircraft re for comparison with MODIS, we use full leg averages for level legs and190

sawtooth maneuvers since they are flown in close proximity to cloud top. Level and sawtooth191

legs were typically 10 minutes in duration (or ∼ 30 km in length). When sawtooth profiles192

are used, we average over the top 30 m in cloud.193

2.3 Satellite retrievals and intercomparison method198

We use MODIS level 2, Collection 6 [Platnick et al., 2017] retrievals from both the199

Aqua and Terra platforms of re at 2.1 µm (Cloud_Effective_Radius product) and Hσ , a mea-200

sure of subgrid variability (Cloud_Mask_SPI product, plane 2). This study does not consider201

re retrievals from other bands. We use a method similar to that ofMin et al. [2012] to sub-202

sample MODIS retrievals. Each retrieved box covers 5 × 5 km2 and is centered on the mean203

latitude and longitude of the aircraft cloud top segment nearest in time to the satellite over-204
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pass. No attempt is made to account for back trajectories, asMin et al. [2012] found negligi-205

ble improvement in comparison statistics between projected and un-projected retrievals. The206

median time between aircraft sampling and satellite overpass is 30 minutes and the great-207

est time difference is 74 minutes. Box-mean re and Hσ are derived from pixels classified as208

fully overcast, single layer liquid cloud. Over the three field campaigns analyzed, a total of209

29 MODIS retrievals correspond to Twin Otter cloud top flight segments. The use of near-210

cloud top legs and the top 30 m of sawtooth legs for the intercomparison is motivated by the211

fact that the 2.1 µm re retrieval is most sensitive to the level corresponding to τ ≈ 1, which212

typically occurs a few tens of meters below cloud base. Furthermore, the vertical gradient of213

re in this region is small, such that aircraft re is insensitive to leg-scale variability in cloud214

top height (see supporting information Figs. S1-S4). More detailed information on the in-215

tercomparison methodology can be found in the supporting information [Miller et al., 2016;216

Platnick, 2000; Zhang et al., 2017].217

3 Results and discussion218

In contrast with the findings of previous studies, MODIS and PDI re agree within un-226

certainty, i.e. there is no significant bias (Fig. 2). Mean bias (∆re = re,MODIS − re,PDI ) is227
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Campaign No. retrievals ∆re (µm) |∆re | (µm) Slope R2

All 29 -0.22 0.68 0.94 0.92
MASE 7 -0.97 0.97 1.28 0.87
POST 12 -0.10 0.73 1.08 0.96

VOCALS 10 0.15 0.42 0.92 0.96
Table 1. Intercomparison statistics for MASE, POST and VOCALS. Bias ∆re = re,MODIS − re,PDI . Slope
and R2 are for linear least squares fits.

224

225

-0.22 µm, and mean absolute difference (|∆re |) is 0.68 µm (Table 1), both well within uncer-228

tainty. It is particularly notable that the four points with the largest re fall within uncertainty229

of the one-to-one line, as past intercomparisons with aircraft observations have consistently230

found that bias increases with re [Painemal and Zuidema, 2011; Noble and Hudson, 2015;231

Min et al., 2012; King et al., 2013]. A more favorable comparison is to be expected for small232

re cases (re . 8 µm) since these cases best align with the DSD assumptions made by the233

MODIS re algorithm: a unimodal distribution, minimally variable in space. But these as-234

sumptions may not hold for the largest re cases, which are in drizzling conditions (for cases235

with re > 12 µm, LWCCIP = 0.13 gm−3) and thus exhibit greater variability in distribu-236

tion shape. This is consistent with Zhang et al. [2012], who find that simulated MODIS re237

retrievals from large eddy simulations of marine stratocumulus are negligibly affected by the238

presence of drizzle. Our results indicate MODIS retrievals are accurate (within 0.7 µm) and239

exhibit little bias for the range 5 < re < 16 µm in stratocumulus.240

To understand why we find agreement between MODIS and in situ measurements241

while previous studies did not, we examined a number of factors. We first describe those242

factors that we conclude are not significant contributors to MODIS retrieval bias in the rel-243

atively homogeneous, optically thick clouds sampled for this study. We find no correla-244

tion between ∆re and spatial heterogeneity as measured by Hσ , likely because all retrieved245

scene-average Hσ values are less than 0.3, a threshold for significant inhomogeneity sug-246

gested by Zhang and Platnick [2011]. One idea that has been proposed [Glienke et al., 2017]247

in a marine shallow convection setting is that the concentration of drops in the size range248

40 < d < 80 µm is not correctly measured by the most commonly deployed cloud probe249

combinations (i.e. CAPS or a similar combination such as CDP and 2DC/CIP). The PDI,250

however, is able to measure these drops, and we find that the data presented here do not ex-251

hibit a strong dependence on drops in this size range. This makes sense because MODIS252

retrievals of 2.1 µm re typically sample the top ∼ 100 m of cloud (see Supplementary Ma-253

terial) where drizzle drops are rare and do not contribute significantly to re. Drops in this254

size range could play a more important role for shorter wavelength re retrievals that pene-255

trate deeper into cloud (i.e. 1.6 µm re) and in other cloud types like shallow cumulus that are256

deeper and more likely to form precipitation. More quantitatively, we find that PDI re cor-257

relates closely with the 90th percentile drop size from number concentration (r2 = 0.99),258

which is typically between 13 < d < 26 µm in this dataset and rarely exceeds d = 40 µm.259

This implies that larger drops simply do not occur in sufficient abundance near cloud top to260

dominate re in marine stratocumulus.261

Two previous studies compared aircraft and MODIS re using Twin Otter instrumen-268

tation other than the PDI: Noble and Hudson [2015] analyzed CAPS data from POST and269

Zheng et al. [2011] analyzed PVM measurements from VOCALS. We independently rean-270

alyze all CAPS and PVM in situ observations taken during MASE, POST and VOCALS to271

compare with PDI. In total, the merged database contains over 200,000 1 Hz observations in272

cloud (here defined as re > 0.1 µm) across the three campaigns. A comparison of all PDI273

re measurements with CAPS and PVM is shown in Fig. S3 in the Supplementary Material.274

Microphysical measurements from different probes on an aircraft should agree in the mean275

even though instantaneous values may not agree because different air volumes are sampled276
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by each. Differences in mean values can thus be interpreted as being caused by a combina-277

tion of differences in operating principles, calibration and/or drop size range measured.278

During VOCALS, PDI and CAPS re are highly correlated and agree with each other279

quite well (a robust linear fit gives slope = 1.048± 0.001, r2 = 0.96; Fig. 3, panel b). The TO280

primarily sampled polluted clouds during VOCALS that exhibited high number concentra-281

tions, small drop sizes and narrow DSDs. During POST, PDI and CAPS re are still highly282

correlated but there is a consistent offset of 1 to 2 µm toward larger PDI re (robust linear283

fit r2 = 0.88; Fig. 3, panel a). Clouds during POST exhibit lower drop concentrations and284

broader DSDs. Recall that CAPS measurements are unavailable for MASE.285

It is unlikely that calibration issues can explain the difference in relationships in de-286

rived re between POST and VOCALS. PDI calibration was verified using TO true air speed287

measurements and CAPS probes were routinely calibrated using glass beads during both ex-288

periments (see Fig. S4 for examples of CAS, CIP and PDI DSDs).289

Instead, we find that the difference between PDI and CAPS re during POST varies with290

the breadth of the DSD, as measured by the standard deviation of the drop number distribu-291

tion (Fig. 3, panel c). The distribution of σ during VOCALS is much narrower than MASE292

or POST, with values of σ > 2 µm seldom observed during VOCALS (Fig. 3, panel d).293

Given that PDI and the CAS component of CAPS have comparable sample volumes [Baum-294

gardner et al., 2011], we therefore speculate that CAPS may exhibit biases in the presence of295

broad DSDs and/or large drops, and that this is a primary cause of bias between CAPS and296

PDI-derived re.297

4 Conclusions298

In summary, we have performed an intercomparison of MODIS and PDI-derived re299

encompassing three field campaigns (MASE, POST and VOCALS). We show that PDI re300

agrees with MODIS re within uncertainty (∆re = −0.22 µm, |∆re | = 0.68 µm) for 5 <301

re < 16 µm in marine stratocumulus, spanning non-drizzling to drizzling conditions. Good302

agreement between PDI and PVM LWC throughout the three field campaigns (Fig. 1) and303

between CAPS and PDI re in a subset of conditions during VOCALS (Fig. 3) provide mutual304

reinforcement for the PDI-MODIS intercomparison.305

Our results contradict those of previous studies [Painemal and Zuidema, 2011; Zheng306

et al., 2011; Noble and Hudson, 2015;Min et al., 2012; King et al., 2013] that have found307

that in situ re is smaller than that retrieved by satellite, leading those authors to conclude that308

MODIS systematically overestimates re. Improvements in MODIS retrieval algorithms from309

Collections 5.1 to 6 can account for up to ∼ 1 µm of the previously observed bias [Rausch310

et al., 2017], but have little power to explain the observed biases of 2 − 5 µm found by past311

intercomparisons. We suggest that estimating the contribution of instrumentation error to312

re bias is not simply a matter of calculating sampling error; there is also intrinsic error as-313

sociated with the drop size range effectively measured by the instrumentation employed. By314

comparing PDI measurements with those from the probes used in previous studies (CAPS315

and PVM) during MASE, POST and VOCALS, we have demonstrated that CAPS and PDI316

agree well in small re conditions, but PDI typically measures larger re than CAPS and PVM317

in the presence of broad DSDs, which are also associated with larger re. We note that the ex-318

cellent agreement between PDI and MODIS and the plausible explanation proposed here to319

explain previous disagreement in the literature do not necessarily mean they are right.320

Looking forward, the tight correlation of PDI re and 90th percentile drop size (r2 =321

0.99) may merit further consideration in parameterization development. It is curious that322

more extreme values/higher percentiles have lower correlations with re, and we interpret this323

as symptomatic of our finding that the largest drops do not occur in sufficiently large num-324

bers to strongly influence total re in the near cloud top region relevant to MODIS retrievals.325

This study also highlights the need for a more comprehensive assessment of in situ cloud326
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probes, especially to compare PDI with other updated or novel instrumentation such as CDP-327

2 or HOLODEC (a holography-based probe) and to better understand the conditions in which328

the width of the DSD is consistently measured, as this appears to be the primary difference329

among the probes analyzed. Finally, further studies of MODIS re retrievals with appropriate330

instrumentation in other cloud types are needed to assess whether the results of this study are331

universally applicable.332
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